Abstract Background: To identify alterations of retinal capillary blood flow in the papillomacular area in preclinical diabetic retinopathy using the Heidelberg scanning laser Doppler flowmeter. Methods: Ten eyes from ten patients with type 2 diabetes and no lesions visible on fundus photography (level 10 of Wisconsin grading) and ten eyes from ten healthy subjects of similar age range were examined with the HRF. Intravisit reproducibility of retinal capillary blood flow measurements was assessed in normal subjects and in type 2 diabetic patients, comparing different measurement areas and different analysis procedures: (a) 10×10 pixel box with original software, (b) 10×10 pixel box with SLDF software, and (c) whole-scan analysis with SLDF software (automatic full-field perfusion image analysis 
Introduction
Diabetic retinopathy is still the main cause of loss of vision in people between 20 and 70 years of age in the western world [1] . Visual loss is attributed either to macular edema or to retinal neovascularization. Diabetic macular edema is a consequence of breakdown of the blood-retinal barrier(BRB) [12] , whereas retinal neovascularization appears to be a direct result of vascular closure and ischemia [1] .
Retinal ischemia due to vascular closure develops relatively early in the course of diabetic retinopathy and is attributed to lack of vascular autoregulation and microthrombosis formation. Retinal blood flow changes are considered to lead to the development of areas of poor perfusion, facilitating microthrombosis formation [2] .
Retinal blood flow measurements in the early stages of diabetic retinal disease are needed to understand the role of alterations in retinal hemodynamics in the development of the retinopathy, and may eventually help in the management of the retinopathy.
Alterations in retinal blood flow have been identified in the different stages of the progression of diabetic retinopathy. In patients with mild retinopathy and using a two-point fluorophotometry technique we found an increase in retinal arteriolar velocity [4] . This finding was confirmed by Cuypers et al. [5] using laser Doppler flowmetry. Other authors have, however, registered a decrease in retinal blood flow. Sullivan and associates [18] found reduced blood flow when the glucose levels remained low and stable, increasing only in association with high glucose levels. In the more advanced stages of retinopathy, the results also conflict, with some authors reporting decreases in retinal blood flow [15, 17] and others reporting increases [3] .
One of the major problems associated with these measurements is their technical complexity and variability.
Cuypers et al. [5] used the Heidelberg Retina Flowmeter (HRF; Heidelberg Engineering, Dossenheim, Germany) on a series of eyes from patients with either type 1 or type 2 diabetes. They included in the study patients with all grades of retinopathy. They considered the methodology to be reliable.
We examined with the HRF a series of eyes with preclinical retinopathy in subjects with type 2 diabetes and compared our findings with a healthy control population, after examining the reproducibility of the different software available and different examination methodologies.
Materials and methods

Subjects
Ten eyes from ten normal subjects (four men, six women) ranging between 40 and 60 years of age (mean 49.40 years, SD 5.77 years) and ten eyes from ten patients with type 2 diabetes (nine men, one woman) ranging between 52 and 64 years of age (mean 56.80 years, SD 3.28 years) were examined. The duration of their diabetes ranged from 5 to 7 years (mean 5.60 years, SD 0.66), and their glycosylated hemoglobin (HbA1C) value ranged from 0.060 to 0.072 (mean 0.0652, SD 0.0043). Blood pressure was at or below 150/85 mmHg. All subjects in the study underwent a complete ophthalmological examination, including slit-lamp biomicroscopy, measurement of intraocular pressure and indirect funduscopy. All patients were classified as level 10 in the Wisconsin grading.
The tenets of the Declaration of Helsinki were followed, and the approval of the institutional review board was obtained.
Procedures
HRF examination technique
In each of the studies, a fixation point was provided at a distance of 3 m to prevent errors as a result of changes in accommodation between images and to help subjects ignore the sudden appearance of the scanning beam. After correct positioning of the camera by the operator, the subject fixated on the provided fixating point during the entire scan procedure.
Patients' eyes were not dilated, and the same operator performed all scans. The process was repeated three times for each patient.
Data acquisition
Before starting the acquisition process, two green lines on the operator screen mark the boundaries of the area from which flow data will be derived. After the laser beam has been centered on the area of interest, the focus is adjusted to produce maximal brightness within that area. With the laser position and focus optimized, sensitivity is set so that the brightest pixels within the area of interest are light yellow in color and not white, which would mean saturation. When acceptable alignment, focus and brightness have been achieved, the operator initiates the process.
After the scan has been completed, data are processed. This processing includes a Fourier transform to extract the individual frequency components of the collected light. For each pixel of the scan, a frequency power-spectrum is computed from the respective intensity time curve. On the frequency axis of the spectrum, each frequency represents a set of red blood cells with a given velocity, and the height of the spectrum at that frequency represents the number of red blood cells required to produce that intensity. Integrating the spectrum yields total red blood cells, called volume (VOL). The integration of height × frequency yields the "effective Doppler shift", called flow (FLW). The ratio between flow and volume is the mean red blood cell velocity (VEL).
Reproducibility
Reproducibility was expressed as the ratio between standard deviation (SD) and the mean of repetitive measurements. Three scans were performed within the macular area, avoiding large vessels, for each subject in a single visit.
Comparisons were made for reproducibility of VOL, FLW and VEL for the 20 eyes using three different methods (Table 1 ):
• Method A: 10×10 pixel box area with the current Heidelberg Engineering HRF software (version 1.02), in three different anatomical locations. For methods A and B a clear anatomical landmark common for the three scans and to the two methods was selected. From this location a given number of pixels was counted both in x-and y-directions to ensure that the same area was considered for the different scans (same patient).
Methods B and C make use of SLDF Tool Analysis. With this software the resulting perfusion image was processed with respect to: (1) underexposed and overexposed pixels, (2) saccades and (3) the retinal vascular tree. Capillaries and vessels of the retinal vascular tree were identified automatically by pattern analysis. Retinal vessels with a diameter greater than 30 µm, underexposed or overexposed areas, and saccades were automatically excluded.
For the whole-scan analysis, the automatic full-field perfusion image analyzer procedure [13] was used and total mean flow, total mean volume, total mean velocity, standard deviation, cumulative distribution curve of flow and capillary pulsation index were automatically calculated. Heartbeat-associated pulsation of capillary blood flow was estimated by plotting the mean capillary flow of each horizontal line against time.
Reproducibility for each eye when using three scans and analysis in three different locations during each scan was considered as the mean of the local reproducibilities established for each one of the three locations.
Comparison between the normal population and diabetic patients
Using the data collected for reproducibility as explained in the previous section, mean values for the whole scan area, using the automated full-field perfusion image analysis (256×64 pixels) obtained with SLDF Tool Analysis (version 3.4.0) for VOL, FLW and VEL, were used to compare the findings in normal and diabetic patients (Table 3 ). The statistic analysis was performed using the t-test for VOL, given its normal distribution, and the non-parametric Mann-Whitney test for FLW and VEL with SPSS software, version 11 for Windows.
Results
Reproducibility
Reproducibility was expressed as the ratio between standard deviation (SD) and the mean of three measurements. The data from the normal volunteers and diabetic patients are presented in Table 1 .
Using the 10×10 pixel box measurement window with HRF software version 1.02 (method A), the overall reproducibility was: (a) 8.16% (SD 3.62) for VOL, (b) 11.00% (SD 3.90) for FLW and (c)10.22% (SD 3.50) for VEL.
When using the SLDF software version 3.0.4. with the same window area the overall reproducibility was: (a)10.93% (SD 5.67) for VOL, (b)23.42% (SD 13.74) for FLW and (c) 22.99% (SD 13.82) for VEL.
Analyzing the whole scan with the automated full field perfusion image analysis the reproducibility was: (Table 2) . Statistically significant differences in VOL, FLW and VEL were found between diabetic and normal subjects.
The mean values of the diabetic population were in each case higher than those for the normal population, with P of 0.010, 0.019 and 0.015 for VOL, FLW and VEL, respectively. These statistically significant differences are mainly due to five eyes (nos. 3, 4, 5, 7, 8) with four of these eyes (3, 4, 7, 8) showing values for VOL, FLW and VEL above the mean + 2SD for the normal control eyes. The fifth eye (no. 5) showed a marked increase in 183 all parameters, although only the VOL value was raised above the mean + 2SD of the normal control eyes. The eyes that showed these marked increases in capillary blood flow did not show any consistent correlation between the capillary blood flow alterations and the systemic metabolic parameters evaluated (Table 3 ).
Discussion
Studies on retinal blood flow in diabetes have given conflicting results, apparently due to the complexity and variability of the measurement methods available for clinical use. We have, in this study, used the HRF, which is based on scanning laser Doppler methodologies and is technically restricted to the performance of reliable measurements of blood flow in small vessels of the retinal capillary superficial layers. Firstly, we compared protocols and available software used by different authors in previous studies [5, 13, 16, 17] to examine their reproducibility. Three different protocols were compared in a series of healthy eyes and in eyes with preclinical retinopathy from subjects with type 2 diabetes. Retinal capillary blood flow measurements performed in the papillomacular area, using whole-scan analysis and the automated full-field perfusion image analysis proposed by Michelson et al. [14] , showed very good reproducibility in both healthy and diabetic eyes ( Table 1 ). The reproducibility of the method in diabetic patients is lower than in normal volunteers, but the differences are acceptable, with mean reproducibility remaining below 6%. This methodology involves automatic subtraction of large vessels and takes into account heartbeat-associated pulsation, artificial movements and local variations in brightness of the fundus.
When comparing the retinal capillary blood flow measurements obtained from the papillomacular area with the HRF using the automated full field perfusion image analysis method in diabetic eyes with preclinical retinopathy and in healthy control eyes, there was an overall statistical significant increase in retinal blood flow in the diabetic eyes. However, when analyzing the results obtained in each eye it became clear that this increase in retinal blood flow varied markedly between them. Five of the ten diabetic eyes showed clearly abnormal increases in retinal capillary blood flow, i.e. with four of them presenting values higher than the mean + 2SD of the values registered for all parameters (volume, flow and velocity) in the normal control group. The other five diabetic eyes showed values within the normal range.
These findings may have particular relevance. They may explain the conflicting reports in the literature and indicate that changes in retinal capillary blood flow are an early alteration in the diabetic retina, but do not occur to the same degree or at the same time in every retina. They may develop as a result of other retinal alterations, and may be of particular value in indicating the eyes that are at risk for progression of retinopathy.
In this study, the increases in retinal capillary blood flow registered in five of the ten diabetic eyes with preclinical retinopathy did not show any clear correlation with level of metabolic control (HgA1C), blood glucose values on the day of the examination, duration of the disease, blood pressure levels or other systemic variables. This is in agreement with the observations of Cuypers et al. [5] .
There are several possible explanations for the increase in capillary blood flow in diabetes [11] . An increase in red blood cell capillary flow could indicate shunting, an increase in capillary diameter, or capillary recruitment.
The flow of red blood cells through retinal capillaries is modulated by intravascular and extravascular factors. The intravascular pressure gradient between the precapillary arteriole and the postcapillary venule is considered to be the most important regulator of capillary flow. In this study, all patients with type 2 diabetes had similar and acceptable levels of blood pressure. On the other hand, an increase in capillary diameter is considered to have a relatively small effect on the pressure gradient and, therefore, results in a small decrease in capillary flow [10] . Shunting phenomena or capillary recruitment are the most likely candidates to explain the marked increase in capillary red blood cell flow observed in five of the ten diabetic eyes. It is thought that under normal physiological conditions most retinal capillaries are perfused by both plasma and red blood cells. Fluorescein angiographic studies indicate that retinal capillaries are continuously perfused. However, the fluorescein method does not distinguish between flow of plasma alone and flow of plasma and red cells together.
It is accepted that in the brain, in a small fraction of capillaries, red blood cell perfusion may stop for brief periods -not longer than a few seconds -indicating some degree of intermittence in red blood cell flow in the capillaries.
Whether capillaries open and close at rest, and during adaptation of capillary blood flow to changing metabolic needs, is still a matter of controversy. Functional "thoroughfare channels" or preferential capillaries with high resting flow have been proposed to play a central role in the microcirculation of the brain, surrounded by other capillaries, characterized by slow resting flow, which could be recruited when the tissue blood supply is challenged [7] .
Finally, another possibility is that in the retinal capillaries plasma flow is continuous, but red blood cells travel through only a proportion of all capillaries at all times. In this case, capillary recruitment would be a natural response either to increased metabolic demands by the retinal tissue in diabetes [8] or to a situation of relative hypoxia as proposed for the diabetic retina [6] .
An important contribution to clarifying these questions may be given by the application of the analytical procedure for measurement of intercapillary distances developed by Michelson et al. [14] .
It is interesting to mention here that one of the earliest abnormalities considered to be observed in the diabetic retina on clinical examination is an increased visibility of the superficial retinal capillary network.
It now needs to be clarified which eyes are at risk of progression to retinopathy: the eyes which show increased capillary blood flow, thus apparently creating conditions for more rapid and progressive damage of the capillary walls, or the eyes that do not show this autoregulatory response. It remains a possibility that the near normal values for capillary blood volume, capillary blood flow and capillary blood velocity registered in five of the ten diabetic eyes indicate failure of their autoregulatory response.
In this pilot study, there were no apparent correlations between capillary blood flow alteration and the metabolic alteration of the diabetic patients at the time of the examination. This observation suggests that the capillary blood flow alterations registered are not acute and transitory, but may indicate a more permanent status of the retinal circulation.
Laser Doppler flowmetry of the retinal capillary circulation using whole-scan automated full-field perfusion image analysis is, in normal healthy individuals and diabetic patients with preclinical retinopathy, a reproducible method of examination. It offers direct information on the retinal capillary blood flow that cannot be obtained by other available methods used for the study of retinal blood flow, such as color Doppler imaging [9] or fluorescein angiography dye-dilution curves [18] , which analyze information obtained from the larger retinal vessels.
Our observations indicate that in some diabetic eyes, even before the development of visible retinopathy, there is (probably due to local factors) a marked increase in retinal capillary blood flow, with the maximal utilization of the retinal capillary net, whereas others do not show this circulatory response. It now remains to be seen which one of these two groups of eyes is more vulnerable, and at risk of rapid development and progression of retinopathy.
A prospective follow-up study of diabetic eyes such as the ones included in this study, to identify the onset of morphological changes detected by funduscopy and fundus photography, is clearly the next step. It is considered important to verify which eyes develop ophthalmoscopically visible retinopathy first: eyes showing increased capillary blood flow or eyes with near-normal values in spite of their diabetes.
